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Edited by Peter BrzezinskiAbstract Here we undertook a comparative study of the com-
position of the lipid annulus of three ATPases pertaining to the
P-type family: plasma membrane calcium pump (PMCA),
sarcoplasmic reticulum calcium pump (SERCA) and Na,K-
ATPase. The photoactivatable phosphatidylcholine analogue
[125I]TID-PC/16 was incorporated into mixtures of dimyristoyl
phosphatidylcholine (DMPC) and each enzyme with the aid of
the nonionic detergent C12E10. After photolysis, the extent of
the labeling reaction was assessed to determine the lipid:protein
stoichiometry: 17 for PMCA, 18 for SERCA, 24 for the Na,
K-ATPase (a-subunit) and 5.6 mol PC/mol protein for the
Na,K-ATPase (b-subunit).
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
Keywords: P-type ATPases; Sodium pump; Photoactivatable
phospholipid; Lipid–protein interactions1. Introduction
Information about the structure and assembly of the trans-
membrane domain of an integral membrane protein can be ob-
tained from the analysis of the lipid–protein interactions.
Upon this basis, hints leading to the understanding of protein
function can be drawn.
In order to assess the number of lipid-associated sites in P-
ATPases, we employed the photoactivatable phosphatidylcho-
line analogue [125I]TID-PC/16. This reagent locates in the
phospholipid milieu and upon photolysis it reacts indiscrimi-
nately with its molecular cage [1]. It is thus possible to directly
analyze the interaction between a membrane protein and lipids
belonging to its immediate environment. As proof of the gen-
eral usefulness of this approach, we were able to determine the
stoichiometry of the lipid annulus surrounding three diﬀerent
membrane proteins: plasma membrane calcium pumpAbbreviations: PMCA, Plasma membrane calcium pump; SERCA,
sarcoplasmic reticulum calcium pump
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and Na,K-ATPase.2. Materials and methods
2.1. Reagents
All chemicals used in this work were of analytical grade and pur-
chased mostly from Sigma Chemical Co. (USA). Recently drawn hu-
man blood for the isolation of PMCA was obtained from the
Hematology Section of the Hospital de Clı´nicas General San Martı´n
(Argentina).
2.2. Puriﬁcation of PMCA from human erythrocytes
PMCA was isolated from calmodulin depleted erythrocyte mem-
branes by the calmodulin-aﬃnity chromatography procedure [2] and
stored in 20% (w/v) glycerol, 0.005% C12E10, 120 mM KCl, 1 mM
MgCl2, 10 mM MOPS-K, pH 7.4 at 4 C, 2 mM EDTA, 2 mM CaCl2,
2 mM DTT. Protein concentration after puriﬁcation was about 10 lg/
ml. No phospholipids were added at any step along the puriﬁcation
procedure. The PMCA preparation thus obtained is devoid of natural
phospholipids, as assessed by the failure to detect inorganic phosphate
by the method described below.
Solubilization and puriﬁcation of PMCA preserve transport activity
and maintain the kinetic properties and regulatory characteristics of
the enzyme in its native milieu [2].
2.3. SERCA preparation
SERCA was directly solubilized with C12E10 (0.5%) from sarcoplas-
mic reticulum membranes (prepared from rabbit skeletal muscle as
previously described [3]). This sample was diluted 100 times in a med-
ium containing 20% (w/v) glycerol, 120 mM KCl, 1 mM MgCl2,
10 mMMOPS-K, pH 7.4 at 4 C, 2 mM EDTA, 2 mM CaCl2. Protein
concentration after dilution was 10 lg/ml.
2.4. Sodium pump preparation
Na,K-ATPase partially puriﬁed from pig kidney [4] was directly sol-
ubilized by C12E10 (0.5%). This sample was diluted 100 times in a med-
ium containing 20% (w/v) glycerol, 120 mM KCl, 1 mM MgCl2,
10 mM MOPS-K, pH 7.4 at 4 C. Protein concentration after dilution
was 10 lg/ml.
2.5. Preparation of [125I] TID-PC/16
TTD-PC/16 (tin precursor) was a kind gift of Dr. J. Brunner (ETH-
Zentrum, Zu¨rich, Switzerland). [125I]TID-PC was prepared by radioio-
dination of its tin precursor according to Weber and Brunner [5]. After
the reaction was completed, the mixture was extracted with chloro-
form/methanol (2:1, v/v) and [125I]TID-PC/16 was puriﬁed by passage
through a silica gel column (2.5 ml) using chloroform:metha-
nol:water:acetic acid (65:25:4:1, v/v) as solvent. The elution was
monitored by TLC/autoradiography and the fractions containing the












608 A.M.V. Giraldo et al. / FEBS Letters 580 (2006) 607–6122.6. Phospholipid quantiﬁcation
Phospholipid concentration was measured according to Chen et al.
[6] with some modiﬁcations. Samples and standards containing 10–
100 nmol phosphorus were dried by heating at 100 C. Mineralization
was carried out by adding 0.1 ml HNO3, 0.9 ml HClO4 and incubating
at 190 C for 30 min. Inorganic phosphate was determined after Fiske
and Subbarow [7].
2.7. Labeling procedure
Typically, displacement experiments, as that shown in Fig. 1, were
carried out as follows. A dried ﬁlm of the photoactivatable reagent
was suspended in C12E10 micelles containing the membrane protein
(10 lg/ml) to which increasing amounts of DMPC suspended in the
same detergent were added. Mixtures of DMPC/C12E10 were prepared
by sonication during 15 min.
An alternative labeling protocol was also followed, where a suspen-
sion was prepared in advance from a dried ﬁlm of [125I]TID PC/16
mixed with C12E10 and DMPC. Increasing amounts of this sonicated
detergent–lipid mixture were added to the membrane protein (10 lg/
ml) solubilized in the same detergent.
In both protocols, the ﬁnal concentration of C12E10 was adjusted to
65 lM (PMCA) or 130 lM (SERCA or Na,K-ATPase). The samples
were incubated for 20 min at 37 C before being irradiated for
15 min with light from a ﬁltered UV source (k =  360nm).
2.8. Radioactivity and protein determination
Electrophoresis was performed according to the Tris–tricine SDS–
PAGE method [8]. Polypeptides were stained with Coomassie Blue
R, the isolated bands were excised from the gel, and the incorporation
of radioactivity was directly measured on a gamma counter. The
amount of protein was quantiﬁed by eluting each stained band, as pre-
viously described [9]. Diﬀerent amounts of BSA were included in each
gel as standards for protein quantiﬁcation.
2.9. Data analysis
Data points from diﬀerent experiments (corresponding to diﬀerent
ligand concentrations), were merged in the same plot. Fitting of the
appropriate equation to the full set of data was achieved by non-linear
regression, an analysis from which the errors of the parameters a and b
were derived.Fig. 1. Speciﬁc incorporation of [125I]TID PC/16 to PMCA. Puriﬁed
PMCA solubilized in C12E10 was labeled in the presence of diﬀerent
amounts of DMPC. Speciﬁc incorporation was calculated as the ratio
between the amount of radioactivity associated to the protein band
and the amount of protein measured. The continuous line shows the
theoretical behavior as expected from isotopic dilution, considering
that all the amphiphiles present in the mixture are equivalent.3. Results and discussion
3.1. Hydrophobic photolabeling sheds light on the lipid–protein
stoichiometry of P-type ATPases
[125I]TID PC/16 was previously used to identify and charac-
terise regions within membrane proteins that interact with lip-
ids [10]. This reagent is a PC analogue endowed with a
photoactivatable group at the end of one of the fatty acyl
chains (Scheme 1). Its physicochemical behavior is indistin-
guishable from that of DMPC, i.e., it shows identical mobility
on TLC plates using diﬀerent solvent systems (data not shown,
see also Fig. 2). The fact that the probe is a PC analogue sim-
pliﬁes the quantitative analysis. Indeed, PC is generally chosen
as the reference lipid against which relative association con-
stants of integral proteins are referred to, because the latter
show no selectivity for this amphiphile [11]. This is supported
by data shown in Fig. 1, where incorporation of the label isFig. 2. Separation of photoadducts derived from [125I]TID PC/16.
Samples of [125I]TID PC/16 reacted with DMPC (A) or C12E10 (B)
were separated by TLC on silica-gel G using chloroform:metha-
nol:water:acetic acid (65:25:4:1, v/v) as developing solvent. Arrows
indicate the position of the adducts of the photoprobe with DMPC (a)
or C12E10 (c), the photoprobe itself or DMPC (b), and C12E10 (d).
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achieved by a continuous line showing the decrease in label
incorporation expected from the isotopic dilution of the probe,
i.e., by considering that the dilution eﬀect occurs identically
either with detergent or phospholipid molecules (see Adden-
dum 3.5 for a formal treatment of the data). Thus, [125I]TID
PC/16 behaves as an amphiphile equivalent to DMPC or
C12E10 regarding its association with protein transmembrane
surfaces.Fig. 3. SDS–PAGE electrophoresis of P-type ATPases. Protein bands
were stained with Coomassie Blue R. after gel electrophoresis was
performed on photolabeled PMCA (panel A), SERCA (panel B) and
Na,K-ATPase (panel C). Each lane shows a band that corresponds to
the membrane protein reconstituted in detergent–lipid mixtures of
deﬁned composition: numbers above represent the micromolar con-
centration of DMPC. BSA was included as a standard for protein
quantiﬁcation.3.2. Yield of the photolabeling reaction
Dry ﬁlms of DMPC or C12E10 and [
125I]TID PC/16 were ob-
tained by evaporation of a chloroform/methanol (2:1, v/v)
solution of the components under a stream of nitrogen. Films
were hydrated with 20 mM MOPS, pH 7.4 at 37 C for 1 h.
Under these conditions the photoactivatable reagent is readily
incorporated into the hydrophobic phase. After photolysis, the
extent of photolabeling was readily measured by separating by
TLC the photoadducts from detergent or lipid that remained
unlabeled. In both cases the spots corresponding to labeled
products showed lower mobility than those corresponding to
unlabeled molecules (Fig. 2). The extent of the reaction was as-
sessed by scraping the silica oﬀ the glass plate and directly
measuring the amount of radioactivity in a gamma counter.
The yield of the reaction was calculated as the ratio between
the radioactivity associated to labeled molecules and the total
amount of radioactivity present in that lane. Values of 14.2%
and 13.8% were obtained for the reactions with DMPC or
C12E10, respectively. These values are in good agreement with
those previously reported for similar reagents [12].3.3. Derivation of the lipid–protein stoichiometry from the
photolabeling data
Membrane proteins were incorporated into detergent/lipid
mixtures composed of C12E10, [
125I]TID PC/16 and DMPC.
The ﬁnal concentration of C12E10 was always kept constant.
By contrast, the composition of these mixtures varied in regard
to the ﬁnal concentration of DMPC, which was measured in
each case. An alternative labeling protocol (see Section 2)
where [125I]TID PC/16 concentration was kept at a constant
ratio with respect to added DMPC yields identical results.
Enzymatic activity, as assessed by the release of inorganic
phosphate, was fully recovered for the three ATPases after
their reconstitution and labeling.
To isolate labeled proteins, SDS–PAGE electrophoresis was
performed as described in Section 2. Fig. 3 shows stained gels
after a typical experiment where PMCA (Fig. 3A), SERCA
(Fig. 3B) or Na,K-ATPase (Fig. 3C) had been labeled. The
amount of radioactivity incorporated to each band and the
amount of protein present were directly measured on the iso-
lated bands excised from the gel. A similar extent of protein
labeling is obtained when instead of simultaneous addition,
the amphiphiles were sequentially added, a fact that indicates
an equilibrium condition. If the probe is photolysed previously
to its being added to the mixture, no signiﬁcant incorporation
is detected. As an additional control, in a regular experiment
hen egg white lysozyme included in the mixture does not incor-
porate signiﬁcant amount of label (data not shown). Prior to
gel separation, BSA was included in each sample (except if
an overlap occurs with any band of the membrane protein)
as a standard for protein quantiﬁcation and to assess whetherany non-covalent lipid association remains. In all cases, no sig-
niﬁcant radioactivity appears associated to BSA.
Incorporation of the probe to the membrane protein was
calculated as the ratio between the amount of radioactivity
associated to the band and the amount of protein. The number
of lipid molecules in direct contact with the protein (a) was cal-
culated as the ratio between the incorporation of [125I]TID PC/
16 to the protein (cpm/mol protein) and the speciﬁc radioactiv-
ity of the reagent for each amount of added DMPC (cpm/mol
PC). This value was corrected taking into account the yield of
the labeling reaction (14%, see previous section and Section
3.5).
A hyperbolic function:
a ðmolPC=molproteinÞ ¼ a  ½PC
bþ ½PC ð1Þ
was ﬁtted to the experimental data (Fig. 4 A, B, C1 and C2)
and its graphical representation is shown as solid lines. Each
plot includes data form 2 or 3 diﬀerent experiments. Parameter
a represents the maximum number of PC molecules in direct
contact with the protein, and parameter b is the concentration
of PC required for reaching half coverage of the membrane-
embedded surface of the protein.
The best ﬁt values for parameter a obtained for PMCA,
SERCA and Na,K-ATPase are shown in Table 1. These values
are in good agreement with those measured by EPR for SER-
CA (22 ± 2 and 24 ± 5 [13,14]) and Na,K-ATPase (30 and 34,
[15,16]), and with that predicted for PMCA, considering that
this protein has ten transmembrane segments. In the case of
Na,K-ATPase, our experimental approach allowed us to ob-
tain the value of lipid–protein stoichiometry for the a and b
subunits independently. Considering that SERCA (and proba-
bly PMCA and the a-subunit of Na,K-ATPase too) includes
ten transmembrane segments, parameter a for the b subunit
in the latter – which would include a single transmembrane
segment – results proportionally higher than the average.
The b-subunit was successfully reconstituted alone, a fact that
illustrates its stability as an independent entity within the
Fig. 4. Lipid protein stoichiometry. The number of lipid molecules in direct contact with PMCA (A), SERCA (B) and subunits a (C1) and b (C2) of
Na,K-ATPase was calculated as the ratio between the incorporation of the probe to the protein (cpm/mol protein) and the speciﬁc radioactivity of the
photoactivatable reagent (cpm/mol PC), corrected by the yield of the labeling reaction. The continuous line is the graphical representation of Eq. (1)
ﬁtted to the experimental data. The best ﬁt values for parameter a are shown in Table 1. The best ﬁt values for parameter b were 123 ± 24 for PMCA,
334 ± 76 for SERCA, 204 ± 63 and 52 ± 11 for the a and b subunits of Na,K-ATPase, respectively.
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the putative peripheral orientation of the b-subunit would ac-
count for its enhanced lipid exposure. A preferential interac-
tion with lipids would also be predicted for this segment,
based on its low amphipathicity and high hydrophobicity level
(mapping to the monomer/multimer area in an Eisenberg dia-
gram, result not shown). This situation would also be reﬂected
in the somewhat lower value measured for parameter b, sug-
gesting a rather higher aﬃnity for lipids.
Under the conditions in which the yield of the photoreaction
was estimated (with DMPC or C12E10) the most frequent
chemical events that do not lead to the labeling of the target
molecules do also take place, e.g., intramolecular rearrange-
ments and labeling of water molecules. On the other hand, de-
spite obvious diﬀerences in their chemical nature, the values
obtained for DMPC and C12E10 were remarkably close and
similar to those previously reported. Taking this evidence to-
gether, the value of 14% for the yield of the photoreaction
seems well warranted, leading to a realistic value of parameter
a.
In principle, for a small target molecule, such as PC or deter-
gent, the geometry of the cage of reaction of the probe will dif-
fer from that presented by a protein lipid interface. On the
other hand the chemical nature of the latter (e.g., the presenceof nucleophiles at the polypeptide surface) might be at vari-
ance with the aliphatic or polyether chains of PC or detergent,
respectively.
Residual phospholipids remaining in the protein preparation
were below the detection limit of the assay used. However, un-
der the assumption of competitive behavior, their presence
would somewhat increase parameter b, but would hardly aﬀect
parameter a. On the other hand, the presence of a high-aﬃnity
site for phospholipids would most likely involve a limited num-
ber of molecules as compared to those needed to attain full
coverage of the protein–lipid boundary. This situation would
again inﬂuence mostly parameter b, but would bear little, if
any, eﬀect on parameter a.
Although generally regarded as unselective, even for photo-
reagents based on carbene chemistry, a somewhat higher reac-
tivity towards nucleophiles has been reported [18]. Therefore,
we carried out an inspection of the number and distribution
of amino acids bearing such functionalities, i.e., Trp, Cys,
Lys, Met, Tyr. It happens that these amino acid residues are
similarly abundant and roughly evenly distributed along the
predicted/identiﬁed transmembrane regions of the three pro-
teins analysed here. Thus, no important bias on the extent of
labeling would be expected due to a diﬀerence in amino acid
composition.
Table 1
Parameters of Fig. 4
Membrane protein a (mol PC / mol protein)
PMCA 17 ± 1
SERCA 18 ± 3
Na,K-ATPase (a-subunit) 24 ± 5
Na,K-ATPase (b-subunit) 5.6 ± 0.4
Maximum number of PC molecules in direct contact with the mem-
brane-embedded surface (a).
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resolution is available, our estimate for the lipid–protein stoi-
chiometry (Table 1) could be somewhat lower as compared
to those obtained by ESR [19]. By the latter method, values
are highly dependent on temperature, a parameter that gov-
erns the exchange rate between the bulk and annulus phases.
From a geometrical standpoint, the perimeter of the lipid
embedded surface of SERCA (140 A˚), derived from the X-
ray structure, would accommodate ca. 30 phospholipid mole-
cules (considering a cross-section diameter of 9.4 A˚). However,
this simple calculation should take into account diﬀerences in
thermal mobility, lateral pressure or the extent of hydration
of the phospholipid polar head, among other factors. In addi-
tion, SERCA might also be dimerized, hence occluding part of
the hydrophobic surface to the lipid phase, a fact that would
lead to a lower value for the lipid/monomer stoichiometry.
3.4. Concluding remarks
The study of lipid–protein stoichiometry involves the analy-
sis of a ﬁrst shell of lipids in immediate contact with the mem-
brane-embedded surface of the protein. An experimental
approach devised toward this end should therefore distinguish
lipids interacting with the protein from those belonging to the
bulk phase. In this sense, EPR has proven to be one of the
most valuable techniques [20]. However, since EPR focuses
on the analysis of lipid behavior, its applicability to membrane
proteins becomes limited whenever these cannot be obtained in
large amounts. This is so because a considerable population of
lipids with restricted mobility should be attained to be able to
get a measurable signal. On the other hand, no other mem-
brane proteins should be present in the sample. Conversely,
the analytical development herein described, that focuses on
the analysis of the photolabeled membrane protein, tends to
overcome these drawbacks. Its sensitivity is determined by
the speciﬁc radioactivity of the lipid probe and by the method
used for protein quantiﬁcation. Therefore, it can be applied to
samples where, as in the case of PMCA, protein concentration
is far too low to apply EPR. Furthermore, it allows for the
determination of lipid–protein stoichiometry on oligomeric
systems, where diﬀerent subunits of the same membrane pro-
tein can be simultaneously analyzed within the limits imposed
by the SDS–PAGE separation. Similarly, no insurmountable
obstacles should be encountered if the experimental design is
to be applied to a sample containing more than one membrane
protein, e.g., proteins embedded in a biological membrane.
3.5. Addendum
The incorporation of label of [125I] TID PC/16 as a function
of PC concentration (displacement curve shown in Fig. 1) and
its transformed plot (Fig. 4) can be described by the following
formalism:Pþ iL þ jL ¢
b
PLi Lj !hm PL

x
where P is the membrane protein under study, L* stands for
the probe molecule [125I] TID PC/16, L is DMPC, and PLiLj
is a generic complex including i molecules of L* and j mole-
cules of L, where i + j 6 a. Note that in a membrane or micelle
milieu all lipid-binding sites conforming the annulus of P will
be occupied by the probe, DMPC or detergent. b is the appar-
ent dissociation constant measuring the relative ‘‘aﬃnity’’ of
the protein for DMPC, and hm represents the irradiation step
giving rise to the covalent complex PLx . The yield of the photo





denoting the number x of probe molecules covalently-bound
to the protein expressed relative to the number of probe mol-
ecules non-covalently associated to the surface of the protein
present before irradiation.
By deﬁnition, acov (moles of covalently bound L* per mol P)





=PT, and a (moles of non-cova-
lently bound L or L* per mol P) equalsP
i
P
ji  j  ½PLiLj
 
=PT. In principle, one can describe the
matrix of binding equilibria by the Adair equation, when all
sites are equivalent and independent from each other [21].
Thus, by considering: (i) all linked equilibria indicated above











½PLiLj, where the latter becomes LT  [L*] + [L], if PT  LT,
the following expressions can be derived for acov, a*, and a:
acov ¼ Y  a and a ¼ a  ½L=ðbþLTÞ ¼ a LT XL=ðbþLTÞ ,
equations describing the decreasing hyperbolic behavior
shown in Fig. 1; and a = a Æ LT/(b + LT) = a*/XL*, an expres-
sion depicting the increasing hyperbolic behavior shown in
Fig. 4; where XL* stands for the molar fraction of L* in the
mixture of lipids (=[L*]/LT), a value also denoting the dilution
factor of the speciﬁc radioactivity of the probe when consider-
ing the total amount of lipids present in the mixture.
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